In terrestrial ecosystems, transitional areas between different plant communities (ecotones) are formed by steep environmental gradients and are commonly characterized by high species diversity and primary productivity, which in turn influences the foodweb structure of these regions. Whether comparable zones of elevated diversity and productivity characterize ecotones in the oceans remains poorly understood. Here we describe a previously hidden hotspot of phytoplankton diversity and productivity in a narrow but seasonally persistent transition zone at the intersection of iron-poor, nitrate-rich offshore waters and iron-rich, nitrate-poor coastal waters of the Northeast Pacific Ocean. Novel continuous measurements of phytoplankton cell abundance and composition identified a complex succession of blooms of five distinct size classes of phytoplankton populations within a 100-km-wide transition zone. The blooms appear to be fueled by natural iron enrichment of offshore communities as they are transported toward the coast. The observed succession of phytoplankton populations is likely driven by spatial gradients in iron availability or time since iron enrichment. Regardless of the underlying mechanism, the resulting communities have a strong impact on the regional biogeochemistry as evidenced by the low partial pressure of CO 2 and the nearly complete depletion of nutrients. Enhanced phytoplankton productivity and diversity associated with steep environmental gradients are expected wherever water masses with complementary nutrient compositions mix to create a region more favorable for phytoplankton growth. The ability to detect and track these important but poorly characterized marine ecotones is critical for understanding their impact on productivity and ecosystem structure in the oceans.
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ecotone | transition zone | iron | high-nitrate, low-chlorophyll | flow cytometry T he surface ocean is characterized by steep gradients in density, which limit the mixing of different water types. These physical boundaries also separate the associated phytoplankton communities, potentially creating marine transition zones (1) comparable to the physically mediated transitions between terrestrial plant communities (2) . Distinctive plant communities often thrive within the terrestrial transition zones, resulting in enhanced species diversity and productivity within these specialized regions known as ecotones (3) . A high diversity of marine phytoplankton species (4) and, in some cases, high productivity (5) (6) (7) (8) are associated with regions of intense ocean circulation and physical fronts. Comparable marine ecotones are expected throughout the world's oceans wherever density gradients demarcate water masses with complementary nutrient compositions. Mixing of these water types can create more favorable nutrient conditions within the transition zone that will enhance phytoplankton biomass and productivity. What remains unclear is whether distinctive phytoplankton communities exist within these transition zones and the potential influence of these communities on surface ocean biogeochemical cycles.
The North Pacific Ocean is among the most productive marine ecosystems and one of the largest sinks of atmospheric CO 2 in the world's oceans (9) . The eastern part of the North Pacific Ocean offshore waters is characterized by a vast gyre that is a high-nitrate, low-chlorophyll (HNLC) region where phytoplankton productivity is limited by the availability of iron (10, 11) . The resulting low-biomass phytoplankton assemblage is dominated by small-celled phytoplankton, such as the cyanobacteria Synechococcus, which are continuously grazed by rapidly growing microzooplankton (12, 13) . In contrast, waters over the continental shelf are rich in iron and silicic acid and support a high biomass of mainly large centric diatoms (14) whose productivity is seasonally limited by nitrogen availability (15) . Large-scale current patterns in the Northeast Pacific, combined with estuarine circulation along the coast, introduce a steady supply of relatively fresh coastal water into the more saline oceanic waters (16) . The transition zone between the open-ocean and coastal water masses is demarcated at the shelf break by a seasonally persistent gradient in nutrients, salinity, and density (17) (18) (19) , creating a boundary between the oceanic and coastal phytoplankton communities and potentially a marine ecotone (20) .
For over 50 y, hydrographic data have been collected along the Line P transect [extending 1,500 km offshore from the coast of British Columbia, Canada, to Ocean Station Papa (50°N, 145°W)], representing one of the longest oceanographic time series. These time series observations suggest that high productivity exists within the coastal-oceanic transition zone of the Northeast Pacific Ocean, based on the low partial pressure of CO 2 and near complete depletion of nutrients such as nitrate and silicic acid in spring and summer (18, 21, 22 ) (characteristics associated with phytoplankton growth) within a 100-km-wide salinity gradient off the shelf break (17, 18) . Strong gradients in chlorophyll a concentrations are also observed across the coastal-oceanic transition zone but there is no detailed information available on the species composition or ecological dynamics of phytoplankton assemblages across this productivity gradient. We developed a flow-through cytometer that allowed us to generate continuous measurements of phytoplankton cell abundance and composition across the intersection of the iron-poor, high-nitrate offshore waters with the iron-rich, low-nitrate coastal waters. Here, we describe natural, iron-fertilized phytoplankton blooms that occur specifically within the transition zone and appear to contribute disproportionately to the biogeochemistry of the region.
Results and Discussion
Phytoplankton Biomass in the Transition Zone. Satellite-based chlorophyll a concentrations (Sea-Viewing Wide Field-of-View Sensor, SeaWiFS) indicate that the highest phytoplankton bio-mass in the eastern subarctic Pacific Ocean in June 2008 occurred along the coast, with intermediate levels around the continental shelf break (Fig. 1A) . Along the Line P transect in June 2008, coastal waters (from 125 to 126°W) were characterized by a shallow mixed layer (7.6 ± 1.0 m) and high fluorescence-based chlorophyll a concentrations (8. ) at station P1 (Fig. 1B) . As observed previously (14, 23) , the coastal phytoplankton assemblage was dominated by large phytoplankton cells (>50 μm) including centric diatoms such as Chaetoceros spp. and Thalassosira spp. In contrast, the open ocean phytoplankton community (from 128 to 136°W) was dominated by cells less than 5 μm in size, such as the cyanobacteria Synechococcus spp., with low chlorophyll a levels (0.
) and high concentrations of nitrate (8.
), and silicic acid (10.5 ± 2.1 μmol L −1 ). In these open ocean waters, iron concentrations were below 0.04 ± 0.01 nmol L −1 (Table S1 ) and growth of the phytoplankton assemblages was likely limited by iron availability.
In June 2008, a steep decrease of partial pressures of CO 2 was observed in surface waters across the continental shelf, with waters supersaturated for CO 2 (477 μatm) relative to the atmosphere (379 μatm) near shore (east of station P1) to CO 2 undersaturated waters (129 μatm) at the shelf break (126°W) (Fig.  1B) . Coastal upwelling brings CO 2 supersaturated waters to the surface near shore making this part of the coastal zone inefficient at drawing down CO 2 from the atmosphere despite the high phytoplankton biomass (Fig. S1 ). Further offshore at the shelf break and outside the influence of upwelling, surface waters were undersaturated for CO 2 (Fig. 1B) . In the open ocean, where phytoplankton biomass was low, pCO 2 in surface waters remained near saturation value (Fig. 1B) .
The transition zone between coastal and more saline oceanic waters, indicated by the steep increase in salinity (≥0.2 per degree longitude), began immediately west of the continental shelf break (126°W) and spanned ∼140 km to 127.7°W in June 2008 (Fig. 1B) . Surface waters within the transition zone were characterized by a shallow mixed layer (7.2 ± 1.8 m) and fluorescencebased chlorophyll a concentrations (1.6 ± 0.6 μg L −1 ) that were 5.5-fold lower than the neighboring coastal waters (Fig. 1B) ; cells <5 μm in size accounted for 65 and 70% of the total chlorophyll a at stations P2 and P4, respectively (Table S1 ). The mean pCO 2 in surface waters across the transition zone was low (269 ± 34 μatm) relative to the open ocean (359 ± 14 μatm), and only slightly higher than the coastal region (238 ± 93 μatm), indicating a significant impact of the transition zone on uptake of atmospheric CO 2 in the region. When extrapolated to the entire transect (from station P1 to P16), the transition zone accounts for 46% of total atmospheric CO 2 uptake despite only accounting for 20% of the area (Table S2) .
Depletion of nutrients and low pCO 2 in surface waters associated with relatively low chlorophyll a concentrations is a common feature of the transition zone along Line P in June (Fig.  1C ). The linear relationship between temperature and salinity ( Fig. S2A ) and the apparent lack of an upwelling signal in the transition zone (Fig. S1 ) suggest that surface waters in the region are dominated by the mixing of a single coastal water mass with offshore waters. Given the linear gradient of mixing of coastal and offshore waters (Figs. S2B and S3A), nitrate and silicic acid concentrations at station P4 in June 2008 were fivefold lower than those predicted, based solely on the mixing of the two water types (Fig. S3B ). This apparent nutrient drawdown is inferred to result form phytoplankton growth. Redfield stoichiometry in nutrient utilization predicts that the phytoplankton biomass resulting from the nutrient drawdown at station P4 was equivalent to the production of 254 ± 41 μg C L −1 . Based on a chlorophyll a concentration of 1.5 ± 0.1 μg L −1 at station P4, the apparent C:Chl a ratio was 165 g g −1 , which is about two to three times higher than C:Chl a ratios commonly used to derive phytoplankton biomass based on chlorophyll a concentrations from satellite data (50-90 g C g Chl −1 ) (24). If our phytoplankton biomass estimate is correct, satellite-based chlorophyll a measurements would underestimate phytoplankton biomass, and thus carbon drawdown, within the transition zone.
Small-Celled Phytoplankton Bloom in the Transition Zone. Continuous underway measurements of phytoplankton cell abundance and composition along Line P were made using a custom-built flow-through cytometer that utilizes light scattering and cellular autofluorescence properties of individual cells (25) to discriminate and quantify different phytoplankton populations that span 1-10 μm in nominal cell size (Fig. S4 A and B) . Results from this instrument were in excellent agreement with discrete samples analyzed by conventional flow cytometry (Fig. S4C) . The cumulative chlorophyll a fluorescence derived from cytometry measurements was consistent with the total chlorophyll a concentrations measured across the transition and offshore regions. This indicates that the phytoplankton community in these two regions was dominated by cells 1-10 μm in nominal size ( Fig. 2A) , in agreement with size-fractioned chlorophyll a measurements at stations P2 and P4 (Table S1) . A striking succession of blooms of distinct phytoplankton populations was apparent across the transition zone. An abrupt fivefold increase in cell concentrations of two nanoplankton populations (5 and 7 μm nominal mean cell size, respectively) along with a twofold increase in an ultraplankton population (3 μm nominal mean cell size) was observed within a 50-km-wide window on the eastern (coastal) side of the transition zone, with peak abundances at 126.4°W (Fig. 2 B-D) . High photochemical efficiency of phytoplankton photosystem II (F v /F m ) at discrete stations in the transition zone ( Fig. 2A) , along with relatively high chlorophyll a fluorescence per cell of these three populations (Fig.  S5) , supports the nutrient-based evidence that cells were actively growing in this region (26) . The abundance of ultra-and nanoplankton 1 and 2 populations decreased in the western (oceanic) part of the transition zone, followed by a rapid increase in cell concentrations of the picoplankton and cyanobacteria Synechococcus populations (2 μm nominal mean cell size), which remained relatively high within offshore waters (Fig. 2 E and F) . To achieve the same phytoplankton population resolution we observed, a frequency of one discrete sample every 10 min would have been required, which is higher than most oceanographic surveys (Fig. S6) .
Assuming that the diversity of phytoplankton cell size and chlorophyll a fluorescence measured by flow cytometry indicate richness in physiological and genetic variations (27, 28) , the greatest diversity of phytoplankton was observed in the transition zone between station P2 and P4, coinciding with the highest concentrations of ultraplankton and nanoplankton 1 and 2 populations (Fig. S7) . Based on cell concentrations and a size-specific cell volume to cell carbon conversion factor (29) (Fig. S3) . Thus, consistent with terrestrial ecotones, relatively high species diversity and abundance is found within this confined oceanic region.
Oceanic Phytoplankton Species Dominate the Transition Zone. Phytoplankton species that bloom in the transition zone could be derived from either coastal or oceanic communities, or a combination of both. Measured dissolved iron concentrations were about fivefold higher at station P4 (0.2 ± 0.05 nmol L −1 ) than the offshore station P12 (0.04 ± 0.01 nmol L −1 ) (Table S1) , suggesting a strong gradient in iron availability across the transition zone (30) . Therefore the formation of transition zone phytoplankton blooms could be induced by the shoreward increase in iron concentrations. To address whether iron enrichment of offshore phytoplankton communities created blooms comparable to those occurring within the transition zone, a microcosm iron-enrichment experiment was performed at Station Papa (P26), a well-characterized iron-limited region (10, 31) . Experimental iron enrichment induced a temporal succession of small-celled phytoplankton blooms that was strikingly similar to the succession of species observed across the transition zone. Iron enrichment caused the ambient Synechococcus-dominated assemblage at Station Papa to shift to an ultra-and nanoplankton 1 and 2 population-dominated assemblage within 4 d (Fig. 3A) , consistent with previous observations in the Northeast Pacific Ocean (32) . The species composition of the pennate diatom Pseudo-nitzschia that dominated the nanoplankton 2 population at Station Papa after addition of iron was similar to Pseudo-nitzschia species composition at stations P2 and P4 in the transition zone, including the species Pseudonitzschia granii, which is classified as primarily oceanic (33) (Fig. 3 B  and C) . Note that due to their long and narrow cell type (from 21 to 88 μm in length and from 1.4 to 5.1 μm in diameter) (34) , pennate diatoms such as Pseudo-nitzschia have a low light scattering relative to their cell sizes and therefore are categorized as nanoplankton populations (from 5 to 20 μm) by flow cytometry (25) rather than their conventional classification as microplankton (>20 μm) based on microscopy. These results indicate that the phytoplankton composition within the transition zone is consistent with an iron-enriched offshore community rather than a nitrateenriched coastal community. The high abundances of small-celled phytoplankton appear to have resulted from a natural iron enrichment of open ocean waters being transported toward iron-rich coastal waters. Although, it should be noted that the community responses to iron enrichment is expected to vary depending on the location of the transition zone along the Line P transect (20) .
Two possible scenarios could explain the observed succession of phytoplankton populations within the ecotone. In the first scenario, the blooms are driven by spatial gradients in iron: macronutrient availability, with nutrient ratios increasing linearly toward the coast. This explanation assumes that the size dependence of nutrient requirements, uptake and growth (35) , dictate where individual species bloom within the ecotone. In this scenario, small-celled phytoplankton, which have lower cellular iron requirements than large cells (36) , would bloom on the oceanic side of the transition zone, whereas large-celled phytoplankton such as diatoms would bloom in the coastal side of the transition zone. An alternative scenario is that succession of phytoplankton populations is determined by the length of time since the open ocean community was first exposed to higher iron as it moves toward the coast. This explanation assumes that iron fertilization starts at the oceanic side of the transition zone (time 0) and that a combination of seed population size and net growth rates dictate the amount of time required for individual species to bloom. This is analogous to our incubation enrichment at Station Papa (Fig. 3A) or to the previous iron-enrichment experiment in the Northeast Pacific Ocean (32) . In this scenario, small-celled phytoplankton would dominate during the early stage of the bloom (i.e., oceanic side of the transition zone) because of their relatively higher seed populations size and higher growth rate than large cells. These small cells would then be progressively held in check in the later stage of the bloom (i.e., coastal side of the transition zone) as the numbers of microzooplankton grazing increased, while large cells would eventually reach high abundances and dominate because of their reduced susceptibility to micrograzers. Under near steady-state conditions where the mixing of the iron-rich coastal waters with HNLC waters is constant, both scenarios would result in comparable partitioning of ecological niche space and enhancement of phytoplankton diversity and productivity across the ecotone. The extent to which these blooms act to sequester carbon will depend upon their capacity to sink into the deep ocean, which is primarily driven by their production rates, the size of the cells, and their tendency to form aggregates (37).
Concluding Remarks. This study describes blooms of small-celled phytoplankton in a narrow but seasonally persistent environmental gradient at the intersection of iron-poor, nitrate-rich offshore waters and iron-rich, nitrate-poor coastal waters in the Northeast Pacific Ocean. These blooms are characterized by high species diversity and appear to result from a natural iron fertilization of oceanic species, including the pennate diatom P. granii, that possesses intrinsically low iron requirements and can presumably outcompete coastal species that have much higher iron requirements (38) . Depletion of nutrients and low pCO 2 in surface waters associated with relatively low chlorophyll a concentrations is recurrently observed in the transition zone, suggesting that these small-celled blooms are a common feature of this specialized region with a disproportionate impact on nutrient and atmospheric CO 2 drawdown. The transition zone is expected to expand and contract over seasonal cycles due to changes in ocean circulation (21) . The ability to detect and track these small-celled blooms is therefore critical for understanding the biogeochemical impact of this important yet poorly characterized oceanic region.
Diverse and complex phytoplankton blooms, such as those described in this study, are characteristic features of ecotones (1) and are likely to flourish in steep physical gradients throughout the world's oceans, particularly in regions where water masses with complementary nutrient compositions mix. For example, oceanic fronts between distinct water masses in HNLC regions are commonly associated with high species diversity and productivity (4, 39, 40) . Physiologically and genetically diverse groups of organisms confer the ability to adapt to abrupt changes in environmental conditions. Therefore, similar to terrestrial ecosystems (41), changes in production and composition at ecotones may serve as an early indicator of climate-change impacts.
Materials and Methods
Underway Measurements. In June 2008, subsurface seawater from the vessel seawater supply (intake at 4.5 m depth) was sampled for continuous un- (50) were included in the analysis to show that Pseudo-nitzschia species distributions across the transition zone were more similar to the open-ocean in situ iron enrichment than to coastal waters. Species detected along Line P included P. pungens, P. delicatissima, P. heimii/subpacifica, and P. granii as well as P. sp 153, P. sp 176, and P. sp 207 that could not be identified to the species level. (B) The presence or absence of Pseudo-nitzschia species among the coastal water stations (VI1 and VI2) (white rounded rectangle), transition zone stations (P2 and P4) (gray rounded rectangle), and offshore stations (P16, P20, and P26) and iron-enrichment experiments (S, M, and P26 control and P26 + Fe 96 h after enrichment) (black rounded rectangle); additional species were detected in coastal waters (50) , but only those shared with transition zone or offshore waters are shown. (C) Pairwise similarity comparisons of Pseudo-nitzschia species assemblages at different stations.
derway measurements of salinity, temperature, and fluorescence by thermosalinograph fluorometry, pCO 2 by membrane inlet mass spectrometry (MIMS) (42) , and phytoplankton cell abundances and cellular autofluorescence by a custom-built flow-through cytometer (SI Materials and Methods) (43 Hydrographical Data. In June 2008, discrete, size-fractioned chlorophyll a concentrations were determined by the in vitro fluorometry using the acidification method (45) . Seawater samples (400 mL) were filtered sequentially through a 5-μm pore-size polycarbonate filter and a GF/F filter (0.7 μm nominal pore size) using a filter cascade. Maximum photochemical yields of photosystem II (PSII) (F v /F m ) were performed on water samples using a Phyto-PAM fluorometer (Walz). Before each measurement, a subsample (5 mL) of water was placed in the dark for 20 min. The constant fluorescence of dark-acclimated phytoplankton (F o ) was measured using modulated light at a low intensity (11 μmol quanta m during the iron-enrichment microcosm experiment to sample continuously for at least 6 d. Data files were created every 10 min and analyzed using FlowJo version 8.8 (Tree Star). Optimally positioned particles were identified by normalizing the signal of the position-sensitive detector by the forward angle light scatter signal (collected using a 480-10 bandpass filter) (43) . Phycoerythrin (PE)-positive cells (Synechococcus) and PE-negative cells (all other phytoplankton) were classified on the basis of orange fluorescence (collected using a 572-27 bandpass filter). Light scattering and red fluorescence (collected using a 480-10 bandpass filter) were used to distinguish four populations within PE-negative cells, namely "picoplankton," "ultraplankton," "nanoplankton 1," and "nanoplankton 2." Discrete samples for cytometry analysis were taken every 6 h directly from the outflow of the flow-through cytometer, fixed with 1% paraformaldehyde and 0.01% glutaraldehyde, and frozen in liquid nitrogen, and analyzed onshore by an Influx high-speed cell sorter (BD Biosciences) for comparison.
Iron-Enrichment Microcosm Experiment. Unfiltered seawater from 10 m depth was transferred to two 50-L acid-cleaned low-density polyethylene (LDPE) carboys with Teflon-lined tubing and a Teflon bellows pump within a trace metal clean laminar flow hood. One bottle was enriched with 4 nM FeCl 3 and the other served as an unamended control. Bottles were incubated on deck in Plexiglas incubators wrapped in neutral density screening to achieve 30% incident irradiance and were maintained at near ambient sea surface temperature using a seawater flow-through system. Both bottles were connected by polyvinyl chloride (PVC) tubing (Tygon Biocompatible S-50-HL) directly to the cytometer and sampled alternatively every 15 min using a peristaltic pump.
Pseudo-nitzschia Species Identification. DNA was extracted from 10-L surface water samples (collected with the rosette system) and the incubation samples using the DNeasy Plant mini kit (Qiagen). Triplicate PCRs for automated ribosomal intergenic spacer analysis (ARISA) were performed for each sample, using primers designed to recognize a fragment from the ITS1 region of Pseudo-nitzschia species (50) . Pairwise similarity comparisons of Pseudonitzschia assemblages were conducted in PRIMER-E (51) using Jaccard's similarity index in conjunction with the group average algorithm for clustering analysis.
